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Executive Summary
Dredged material is the result of soil erosion and surface runoff from terrestrial environments. Soil particles, along with other materials in runoff, find their way to the bottom of waterways. These soil particles become sediment that eventually needs to be removed from the waterways to maintain navigation. The U.S. Army Corps of Engineers (USACE) is responsible for maintaining navigable waterways and annually dredges approximately 400 million m 3 of sediment. Finding sites for dredged material is becoming difficult, since most confined placement facilities (CPFs) are at full capacity. Likewise, sewage sludge can no longer be placed in the ocean; consequently, sewage sludge is piling up on land at many sewage-treatment facilities. Also, large volumes of sewage sludge are currently placed in landfills; however, landfills are filling at accelerated rates. To resolve the accumulation and placement of sewage sludge, the U.S. Environmental Protection Agency (USEPA) has issued 40 CFR Part 503 regulations (USEPA 1990 (USEPA , 1993 (USEPA , 1995 . The regulations promote the reuse of biosolids derived from sewage sludge and establish maximum limits for metals in soils amended with biosolids derived from sewage sludge for agricultural production. These limits are based on risk-assessment evaluations (USEPA 1989).
To address both the excess of dredged material and sewage sludge, the U.S. Army Engineer Research and Development Center (ERDC) Environmental Laboratory, Vicksburg, MS, began to evaluate the potential for manufacturing artificial soil from dredged material and organic wastes. Cooperative Research and Development Agreements (CRDAs) were established with commercial companies to develop the technology for manufacturing soil from dredged material. The recycled soil manufacturing technology offers a quick, simple, lowtechnology, effective, and affordable means of allowing the reuse of dredged material, provides additional placement capacity for future dredged material by emptying many existing full CPFs, and recycles waste materials to the benefit of the American people.
Screening tests (seed germination and plant growth) were used in Phase 1 of the recycled soil manufacturing technology to evaluate the feasibility of manufacturing soil using dredged material from Toledo Harbor Cell 1 placement facility. Screening tests included proprietary blends with a range of dredged material content, a range of cellulose content, and N-Viro biosolids. To develop an LTMS for Toledo Harbor, a 5-year Memorandum of Agreement (MOA) was signed in 1986 by the USACE, the Ohio Environmental Protection Agency, the Toledo Metropolitan Area Council of Government, the Toledo-Lucas County Port Authority, and the City of Toledo. Engineer Research and Development Center (ERDC), Vicksburg, MS, was asked to develop a fertile manufactured soil product using dredged material from Toledo Harbor Cell 1 CPF for bagged soil and landscaping industries. To accomplish this task, ERDC conducted manufactured soil screening tests, using its cooperative research and development agreements (CRDAs) with commercial companies who were interested in using Toledo Harbor dredged material as an ingredient for their manufactured soil products. For example, Scott and Sons Company has a requirement for 4 million cu yd of silt each year for their bagged soil product. The CRDA allows ERDC and Scott and Sons Company to screen suitable dredged material for use in bagged soil products. The CRDAs will enable the recycled soil manufacturing technology to be developed at USACE confined placement sites. The recycled soil manufacturing technology (RSMT) is site specific. The optimal blend for a specific dredged material will depend on the physical and chemical characteristics of that dredged material and the available cellulose and biosolids. The proprietary blend found productive for one site may not be similar to dredged material, cellulose, and biosolids from other sites. Therefore, benchscale tests should be conducted on individual dredged material. Following successful bench-scale tests of the recycled soil manufacturing technology, either demonstration, pilot-scale or large-scale, should be conducted, or commercialization of the technology should be developed by the CRDA partners and local interests. Since there are proprietary restrictions placed on describing the specific amount and nature of each ingredient that makes up the manufactured topsoil product, implementation and application of the recycled soil manufacturing technology will require contacting appropriate ERDC Environmental Laboratory scientists and/or obtaining license from Mr. Paul Adam, the patent holder.
Purpose and Scope
The purpose of this report is to present results of bench-scale screening tests conducted by the ERDC Environmental Laboratory and additional bench-scale screening tests performed by Scott and Sons Company at its research facility in Marysville, OH. These tests were the first such screening tests of dredged material from Toledo Harbor Cell 1 CPF and therefore were to indicate the feasibility of using the dredged material for manufactured soil products. Limited characterization of the dredged material was also obtained. The best formulation of dredged material, cellulose, and N-Viro biosolids was determined and recommended for a pilot-scale field demonstration at Toledo, OH. Upon arrival at ERDC, Vicksburg, MS, the dredged material samples were stored at 4 ºC and, later, prepared for chemical characterization. Wet conditions at Sites 2 and 3 precluded sample collection in 1995. Large bulk samples of dredged material from Site 1, collected at the 0 to 0.91-m (0 to 3-ft) depth, were collected in 1995 and transported to Scott and Sons Company at Marysville, OH, and the ERDC, Vicksburg, MS. Scott and Sons Company used this material to conduct their screening tests to evaluate feasibility of using dredged material as an ingredient in their bagged soil product.
Manufactured Soil Bench-Scale Screening Tests, Seed Germination and Plant Growth
Manufactured topsoil screening tests (seed germination and plant growth) using modified procedures of a national bagged soil product company were used to evaluate the feasibility of manufacturing topsoil from Toledo Harbor dredged material from Cell 1 for beneficial use for landscaping. These tests included various blends of dredged material, cellulose, and N-Viro biosolids. Through CRDAs with Scott and Sons Company and with N-Viro International, a new N-Viro biosolid product with a pH of 7.0 was specifically produced for Toledo Harbor dredged material. A specific blend was prepared by placing the appropriate amounts of cellulose and N-Viro biosolids in a Twin Shell Dry Blender model LB-10317 and mixing for 5 min. Toledo Harbor dredged material from Cell 1 was then added and mixed an additional 5 min. This process was repeated until all blends were prepared.
Tomato, vinca, marigold, and ryegrass (four annual plant species) were grown from seed in the various blends to evaluate seed germination and plant growth (Table 1) . These plants are sensitive to salt, metals, and nutrient imbalances and represent a wide spectrum of upland plants. Tomato, marigold, and vinca seeds were obtained from Ball Seed Co., Chicago, IL, and shipped to ERDC, Vicksburg. Ryegrass seed was purchased from Warrenton Farm and Garden Center, Vicksburg, MS. Five 4.2-× 8.22-× 1.02-cm plastic trays lined with a sheet of plastic were used for seed germination. Each blend was added separately to each tray to a depth of approximately 5.08 cm (2 in.). Three rows of 10 tomato seeds, 10 vinca seeds, 10 marigold seeds, and 20 ryegrass seeds were planted in the same tray containing each manufactured soil blend. All trays were watered when necessary, and seeds were allowed to germinate in the greenhouse under lights providing a day length of 16 hr. The temperature in the greenhouse was maintained at 32.2 ± 5 ºC during the day and 21.1 ± 5 ºC at night. Emerged seedlings were counted after 14 and 21 days to determine mean germination percentages.
A 7-week plant growth test, using manufactured soil blends similar to those used in the seed germination test, was conducted concurrently with the seed germination test. Eighty 10-cm (4-in.) pots with 10-cm (4-in.) saucers were used to evaluate the growth and appearance of the developing plants in the different blends. All 10-cm pots were prepared by placing a number 42 Whatman™ filter paper in the bottom of each pot to prevent the loss of soil. Each blend was then added separately to each prepared 10-cm pot to approximately 1.27 cm (0.5 in.) from the rim. Three tomato seeds, 3 marigold seeds, 3 vinca seeds, and 20 ryegrass seeds were added separately to each blend. Table 1 shows the experimental design used in the screening tests.
All seeded pots and trays were placed in a randomized block design with four blocks on tables under lights in the greenhouse. Lights were arranged in a pattern of alternating high-pressure sodium lamps and high-pressure multi-vapor halide lamps which provided an even photosynthetic active radiation (PAR) distribution pattern of 1200 uEinsteins/m 2 /sec and a day length of 16 hr. The temperature in the greenhouse was maintained at 32.2 ± 5 ºC during the day and 21.1 ± 5 ºC at night. Relative humidity was maintained as close to 100 percent as possible, but never less than 50 percent.
Plants, except for the ryegrass, were thinned to one plant per pot when more than one seed germinated in a pot. Where no seeds germinated in pots, plant seedlings were removed from the germination trays or from another 10-cm pot having more than one plant and transplanted to the pot of a corresponding manufactured soil blend. Plant seedlings were then allowed to grow and develop to evaluate plant growth and appearance. After 7 weeks, plants were observed, photographed, and harvested from the various blends. The plant material was cut and washed to remove any soil particles and then blotted to remove excess water. The plant material was bagged, weighed, dried, and reweighed to determine fresh and dry biomass. 
Statistical Analysis
Experimental data were analyzed using analysis of variance (ANOVA) procedures of the Statistical Analysis System (SAS Institute, Inc. 1994). Tests of normality were performed using the Shapiro-Wilf statistic, and homogeneity of variance was evaluated using the Levene=s Test. Comparisons of means were performed using the Duncan=s Multiple Range Test. In this report, statements of statistical significance without specific indication of probability level refer to P<0.05.
Results and Discussion
Dredged Material Characterization
The concentration of the various organic and inorganic chemicals in the dredged material collected in 1994 and 1995 from Toledo Harbor Cell 1 Site 1 CPF are shown in Tables 2, 3 , 4, and 5. Even though the soil depth intervals were different from 1994 to 1995, analyses were very similar. Dredged material samples (1994) were also collected from Sites 2 and 3 and were analyzed to complete the chemical characterization of dredged material from Toledo Harbor Cell 1 CPF. The results of those analyses showed that all three sites within Cell 1 CPF were very similar (Tables 2, 3 , 4, and 5). The manufactured soil using Toledo Harbor Cell 1 dredged material can be used unrestrictedly for any landscaping purpose (USEPA 1993 (USEPA , 1995 . The expected/predicted chemical composition of the manufactured topsoil is shown in Table 6 . Total metal concentrations in the manufactured topsoil will be a fraction of the concentrations allowed for unrestricted land use for land receiving biosolids from reconditioned sewage sludge according to the USEPA=s Part 503 regulations guidance (Table 6) (USEPA 1995) . Soil fertility analysis and physical characteristics of proprietary Blend 4 are shown in Table 7 . Figure 10 shows an overall view of the seed germination study after 14 days. Results of the seed germination tests are presented in Table 8 . An evaluation of the ANOVA indicated that seed germination was influenced by treatment (P=0.0001), species (P=0.0001), and time (P=0.01). There was also a treatmentspecies interaction (P=0.0001). Generally, the best overall seed germination was observed in Blend 2, which consisted of dredged material from Cell 1, cellulose, and N-Viro biosolids (P<0.05) ( Table 8 ). Even though Blend 2 showed the best percent germination overall, ryegrass percent seed germination in Blends 3 and 1 was significantly higher (P<0.05). However, seed germination values from Blend 5 (control) were significantly higher than all blends containing dredged material from Toledo Harbor Cell 1 (Table 8) Results after 21 days paralleled results obtained in the 14-day seed germination test. The additional time did, however, significantly enhance seed germination (P<0.05). For example, in Blend 2 after 21 days, tomato showed a 10 percent increase in germination, marigold showed an increase of 16 percent, ryegrass increased 7 percent, and vinca had the largest increase of 20 percent. Ryegrass seed germination in Blends 3 and 1 increased 5 and 9 percent, respectively. This additional time allowed the seed to imbibe water and swell, bursting the seed coat, thereby allowing the seeds to germinate. Ryegrass seed germination was significantly higher than other plant species. This suggests that ryegrass seed may be more efficient in taking up water. In addition, it may also show that ryegrass seed may be able to complete germination at lower water contents than tomato, marigold, and vinca.
The movement of water from dredged material to seeds, followed by uptake, is essential for seed germination (Bewley and Black 1985) . Therefore, differences observed in seed germination among the different blends could be due to factors affecting the rate and extent of water movement from the manufactured soil blend to the seeds. For example, blends containing higher amounts of dredged material showed significantly lower seed germination (Table  8 ). This may be ascribed to the high degree of soil compaction or bulk density of the dredged material. Dredged material, with its high bulk density, decreased capillary water and vapor movement toward the seed, which in turn could have resulted in decreased imbibition or could have physically restricted the swelling of the seed, thus impeding seed germination (Hagon and Chan 1977) . High bulk density decreases soil aeration, which may also impede seed germination (Hagon and Chan 1977) . Figure 11 shows an overall view of the greenhouse growth test at 7 weeks. Visual observations as to leaf color, size and shape, and total aboveground biomass were used to evaluate the effects of the different Toledo Harbor dredged material Cell 1 blends on plant growth. Total aboveground biomass was influenced by treatment (P=0.0001) and species (P=0.0001). There was also a treatment-species interaction effect on total aboveground biomass (P=0.0001). An evaluation of the total aboveground biomass revealed that the best plant growth overall was in Blend 4, consisting of dredged material from Cell 1, cellulose, and N-Viro biosolids (P<0.05) (Figure 12 ). Tomato and ryegrass grew better in Blend 4 than in Blends 2, 3, or 1 (Table  9 ; Figure 12 ). For example, tomato plants growing in Blend 4 had a significantly higher aboveground yield than the biomass yield obtained from Blends 2 and 3 (Figures 12a and 13 ). Blend 4, vegetated with tomatoes, obtained a final total aboveground biomass of 1.01 g compared to 0.09 g in Blend 2, and 0.58 g in Blend 3 (Table 9 ). It is also important to note that there was no significant difference between total aboveground biomass obtained from Blend 4 and the total aboveground biomass from Blend 5, the fertile reference control (Table 9; Figures 13, 14, 15, and 16). Tomato aboveground biomass from Blend 4 was 1.01 g compared to 0.95 g in Blend 5, the fertile reference soil (Table 9) . Marigold grown in Blend 4 had a total aboveground oven-dry biomass of 0.66 g compared to 0.67 g in Blend 5 (Table 9 ). There was no significant difference among marigold biomass yield from Blends 3, 4, and 5 (Table 9 ). Even though overall plant aboveground biomass harvested from Blend 4 for all plants was significantly higher than the other blends, ryegrass biomass obtained from Blend 3 was not significantly different than biomass harvested from Blend 4. For example, total aboveground biomass yield for ryegrass from Blend 4 was 2.5 g compared to 1.7 g from Blend 5 (control), which was significantly higher, but not significantly different than biomass yield from Blend 3, which was 2.27 g ( Table  9 ) (Figures 12c and 15 ). Vinca total aboveground biomass from Blend 4 was 0.02 g compared to 0.04 g from Blend 5 (Figures 12d and 16 ). Visual observations, during the first 2 weeks, of leaf color, size, and shape revealed similarities between plants growing in Blend 4 and those growing in Blend 5, the fertile reference soil. However, at day 21, plant growth in Blend 4 seemed slower than in Blend 5. Leaf color gradually changed from green to yellow, and leaves were not as broad as those of plants growing in Blend 5. Yellow color and narrow leaves were ascribed to nutrient deficiency in the manufactured soil blend as a result of plants depleting nitrogen and other nutrients in the blend. On day 22, soluble ammonium-nitrate and Miracle Gro™ (13N-13P-13K) were added to all of the Toledo Harbor dredged material blends to increase the manufactured topsoil fertility. The addition of nutrients to the blends appeared to have enhanced plant growth. At the end of 7 weeks, visual observations of leaf color and plant size and shape revealed similarities between plant species growing in Blend 4 and plant species growing in Blend 5, the fertile reference soil (Figures 13, 14 
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